Abstract Ambitious goals for paediatric AIDS control have been set by various international bodies, including a 50% reduction in new paediatric infections by 2010. While these goals are clearly appropriate in their scope, the lack of clarity and consensus around how to monitor the effectiveness of programmes to prevent mother-to-child HIV transmission (PMTCT) makes it difficult for policy-makers to mount a coordinated response. In this paper, we develop the case for using population HIV-free child survival as a gold standard metric to measure the effectiveness of PMTCT programmes, and go on to consider multiple study designs and source populations. Finally, we propose a novel community survey-based approach that could be implemented widely throughout the developing world with minor modifications to ongoing Demographic and Health Surveys. 
Introduction
Despite the availability of proven interventions for the prevention of motherto-child HIV transmission (PMTCT) and substantial donor investments for implementing them in developing countries, paediatric AIDS remains a largely uncontrolled epidemic. 1 The majority of cases occur in sub-Saharan Africa, where high HIV prevalence among pregnant women combines with an under-resourced health-care infrastructure to produce nearly 90% of the world's 800 000 children who are believed to be infected each year. Several ambitious goals for paediatric AIDS control have been set by various international bodies, including a 50% reduction in paediatric infections by 2010 (United Nations General Assembly Special Session on HIV/AIDS), 2 reaching at least one million women by 2007 3 and provision of PMTCT services to 80% of those in need by 2010. 4 While these goals are clearly appropriate in their scope, the disparity in which outcomes they actually target reveals a lack of clarity and consensus around how to monitor the effectiveness of PMTCT programmes. Without this clarity, it is difficult for policy-makers in developing countries to mount a coordinated response. In this paper, we argue for a validated consensus model for PMTCT effectiveness monitoring. This approach is urgently needed to coordinate the global response to paediatric AIDS prevention and to compare progress across programmes with a range of intervention strategies. We develop the case for using population HIV-free child survival as a gold standard metric and examine potential strategies for its measurement across Africa, including its addition into regular country-wide Demographic and Health Surveys (DHS). The standardized modification of the DHS described in this report could provide a reliable and easily replicable method to assess the impact of services at a population level.
Experiences in developed and developing countries
The first clinical trials of antiretroviral (ARV) drug prophylaxis for women and infants were conducted in Europe and the United States of America, where most HIV-infected women have access to good prenatal and delivery care, a range of laboratory tests and replacement feeding.
5 Effectiveness -defined as the prophylactic benefit of a PMTCT intervention when implemented in real practice -closely approximates clinical trial efficacy in these settings because of strong supporting health-care infrastructure, low HIV seroprevalence and near-universal service coverage. Multiple studies have shown that high maternal HIV plasma viral load, low maternal CD4+ lymphocyte cell count, vaginal The situation in most developing countries differs dramatically.
10 Although the risk factors for transmission remain the same, there are far fewer options for most women: few have access to completely suppressive ARV regimens, elective Caesarean or safe alternatives to breastfeeding, and even basic antenatal service access is far from universal. Because of this, most studies in developing countries have focused on simpler and more cost-effective regimens that can be deployed widely. The myriad of PMTCT trials that have been conducted in developing-world settings have been reviewed in detail elsewhere.
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What is important to note is that, with the results of the first short-course zidovudine (ZDV) trials conducted in Côte d'Ivoire 12, 13 and Thailand, 14 as well as the HIV Network for Prevention Trials (HIVNET 012) single-dose nevirapine trial in Uganda, 15 it has been shown that simple, short-course ARV regimens work, and that more suppressive regimens for longer periods of time work better. In addition, breastfeeding remains an important route of transmission; however, benefits of replacement feeding in Africa are becoming less clear due to competing co-morbidities. 16, 17 Thus, while there is abundant information about the efficacy of interventions to reduce perinatal transmission (these data come from intensely monitored clinical trials), our current understanding of their effectiveness (i.e. field performance) is lacking. Currently few high-prevalence countries have ongoing universal, country-level monitoring of PMTCT. We believe that closing this public health knowledge gap is critical to global success in the fight against paediatric AIDS, and can only be achieved through the development of international consensus around PMTCT effectiveness monitoring. Although various bodies have issued guidelines, there is very little agreement upon the appropriate outcomes to measure, the best source populations in which to measure those outcomes, or the appropriate methodology for measurement. Once a consensus methodology is agreed upon, it is important to provide tools that can monitor programmes and be used to implement specific interventions.
Previous evaluations of programme impact
A commonly used surrogate marker for programme effectiveness is programme coverage, i.e. the proportion of HIV infected/exposed mother/infant pairs in a population that receive a PMTCT intervention. 18 This measure assumes that the benefits of a PMTCT intervention (established from clinical efficacy trials) will accrue to a population of mothers and infants who access the intervention appropriately. Coverage is defined as the product of a critical pathway of events that must be in place for the prophylaxis to be delivered. This critical pathway -which we and others have called the PMTCT cascade [19] [20] [21] [22] -can be constructed from process indicators that are collected routinely with varying success by PMTCT programmes and health-care facilities (Fig. 1) .
Attrition along each step of the cascade can be significant. For example, the acceptability of HIV testing strategies varies greatly in many high-HIVprevalence settings, with significant proportions declining HIV testing or failing to return to collect test results. [22] [23] [24] Even after a woman is diagnosed with HIV, there is no guarantee that she will agree to ARV drug prophylaxis. Studies in Burkina Faso, Côte d'Ivoire and Kenya have found that up to 40-60% of HIV-infected women decline shortcourse ZDV prophylaxis in pregnancy once diagnosed, 21, 25 although this experience is not universal. 22 Reasons for non-acceptance of testing or interventions certainly vary among these settings, but may be tied to poor understanding, patient denial and fear of stigma.
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In Lusaka, Zambia, we estimated city-wide effectiveness of our PMTCT programme using an anonymous cord blood surveillance for HIV antibodies and detectable nevirapine (NVP) drug levels.
18 This study, which recreated the PMTCT cascade for 10 194 women delivering over a period of three months across all of Lusaka's 10 public-sector facilities, demonstrated three critical areas of programme effectiveness that are not measured by most process indicator-derived PMTCT cascades: (1) women refusing testing were more likely to be HIV-infected than those accepting testing, (2) laboratory result errors and seroconversions caused a proportion of women (6%) who should have received prophylaxis not to receive it, and (3) one-third of women who were given a NVP tablet for self-administration at labour onset did not actually swallow the pill. This surveillance study demonstrated that despite a seemingly robust PMTCT programme in Lusaka, only a minority of HIV-infected women and HIV-exposed infants (30%) were receiving even minimum prophylaxis 19 and that field effectiveness was likely to be much lower than estimated from standard process indicators.
Other methods for estimating PMTCT programme effectiveness have been used. Coetzee et al. 27 used a facility-based case finding approach to identify infants born to women accessing PMTCT services in Khayelitsha, South Africa. Infants were located and tested for HIV using polymerase chain reaction (PCR) for early diagnosis, with a documented transmission rate of 8.8% at six weeks of age. This evaluation directly measured shortterm PMTCT effectiveness but was limited by incomplete tracing of cases. Even in this intensive monitoring exercise aimed at following-up recently delivered infants, nearly 20% (149 of 684 mother-infant pairs) could not be located.
Other groups have used a prospective cohort approach to estimate PMTCT effectiveness in Africa. In Cameroon, Ayouba et al. 28 followed infants in a NVP-based PMTCT programme and tested exposed infants for HIV infection at 6-8 weeks and then again at 5-6 months. The transmission rate was 13/123 (10%) at six weeks and 16/123 (13%) at 5-6 months. In rural Kenya, Songok used two-year HIV-free survival as the effectiveness outcome of a ZDV-based PMTCT programme 25 and found that HIV-exposed infants whose mothers took short-course ZDV had a significantly higher 24-month HIVfree survival (59%) than those whose mothers did not take the PMTCT regimen (30%; P < 0.001). Unfortunately, follow-up losses were significant in both of these programmatic settings, introducing biases that cannot be quantified. For example, in Cameroon, nearly one-quarter of HIV-infected antenatal attendees were lost between HIV testing and time of delivery; in Kenya, 30% of live infants in the cohort were not available for HIV testing during the two-year follow-up period. Prospective approaches, although ideal, are not practical for routine monitoring in most developing countries given their expense and complexity.
Outcome measures
One critical question that must be answered to develop a consensus approach for effectiveness monitoring is "what is the appropriate outcome indicator?" The reports outlined above have used a variety of indicators, including: (1) PMTCT intervention coverage (which serves as a surrogate for infant infections prevented), (2) infant infections prevented, (3) infant deaths prevented, and (4) HIV-free survival. We propose that this latter metric, HIV-free survival, is the ideal measure for most resourcepoor settings, because it captures not only the essential purpose of the programme (i.e. HIV infections at birth and through breastfeeding, as well as deaths prevented) but also incorporates survival benefits that may accrue to HIVexposed children who do not become infected themselves. Many PMTCT programmes aim to improve general antenatal and obstetrical care (e.g. improved syphilis screening, intermittent presumptive treatment of malaria). Thus, a metric that captures benefit to all children, irrespective of their exposure or infection status, is essential.
Source populations
Another critical consideration is the source population from which the effectiveness measure is derived. Facilitybased source populations have the clear advantage of convenience. Since PMTCT services are typically situated in antenatal/maternity clinics (even those that provide services in the field a Errors in coverage estimates can occur in box C if women accepting testing are more or less likely to be HIV-infected than those refusing, and in box F, which is difficult to measure reliably without approaches such as cord blood surveillance. 19 The contribution of box G is generally not well documented.
through traditional birth attendants use clinics as their base of operation), facilities provide the best opportunity to access patients for evaluation and the best chance of linking particular motherinfant pairs to their medical records. In a facility-based model, it is relatively easy to recreate the PMTCT cascade for individual mother-infant pairs from programme indicators, although this is subject to the reliability caveats outlined previously. Furthermore, a health-care facility offers advantages for specimen acquisition, since clinic staff members are technically skilled at blood draws and patients are accustomed to providing specimens at the clinic. The major drawback to a purely facility-based approach is representativeness. No information can be gathered on those members of the population who do not receive antenatal, obstetric or paediatric care under the current service delivery method, and only limited information is available for those who drop out. Thus, any sample from a facility is likely to be biased towards the generally better outcomes of those who receive at least antenatal or delivery services and who attend infant follow-up visits. An alternative source population could be community-based. The advantage of community-based populations would be that the overall effect of a PMTCT programme could be measured in a more representative sample. Outcomes of those dropping out of PMTCT services at various steps would be included, and indirect benefits of the programme on family members other than the index mother-infant pair could potentially be measured. As an example, if the presence of a PMTCT programme affected general population rates of HIV testing and care, improved partner testing rates, and/or access to care and treatment, this could be measured in a population sample. The primary disadvantages of a community-based sample are expense and the need for larger sample sizes to gain precision in outcome measures such as HIV-free survival.
Design approaches
Prospective approaches are commonly used in research settings to determine the efficacy of PMTCT interventions and are suited to directly measure transmission rates and HIV-free survival in a well-defined group of patients. In either a cohort or case-control design, a comparison between PMTCT-exposed and -unexposed infants can be made, yielding a risk or odds ratio for HIV-free survival between the groups. However, this approach has major drawbacks. First, in many settings it would be prohibitively complex to enrol and follow large groups of mother-infant pairs for periods long enough to gain meaningful HIV-free survival estimates. Second, when applied to real-world effectiveness evaluations, prospective approaches suffer from an intractable problem with the Hawthorne effect. 29 Since investigators would be ethically bound to provide cohort participants with best possible care (e.g. co-trimoxazole prophylaxis, referral of mother and infants for HIV care and treatment, reinforcement of clinical follow up), members of the cohort would thus become poorly representative of the population as a whole. Although this bias could be mitigated by less frequent follow-up, our experience is that fewer follow-up visits ultimately lead to a greater number of follow-up losses. These issues, combined with the technical difficulties of cohort follow up and its expense, make cohort approaches less attractive for assessing programme effectiveness.
Survey approaches that gather cross-sectional or retrospective data, with or without specimen acquisition, can also be used to determine PMTCT effectiveness. 19, 30 Advantages include their relative simplicity, shorter study periods and suitability to collect populationbased outcomes. Another advantage of a survey approach is that retrospective information gathering could potentially detect trends over time if the number and general cause of deaths of all children under, say, five years of age, could be ascertained. If there are changes in PMTCT coverage, uptake, drug regimens or overall programme performance over time, or if implemented in areas where PMTCT services have only recently been established, the survey could compare outcomes in agestratified groups of children and thus provide information for specific age cohorts and on outcomes as PMTCT programmes are introduced and evolve. One potential disadvantage of a survey approach would be recall bias.
A proposed model
At present there is no consensus gold standard to assess population effectiveness of PMTCT programmes. We believe that the development and implementation of such a model is an urgent public health issue. Most countries conduct periodic national surveys to monitor key health indicators. In Zambia and in over 30 other African countries, DHS provide these important population-level data.
31 Developed with wide national consensus and funded by a variety of donor partners, the DHS measures, among other things, infant and child survival, maternal mortality, HIV seroprevalence, community knowledge about HIV/AIDS and various health service utilization indicators. Data from DHS have proven reliable for longitudinal research, with enough precision to measure differences in mortality over time. 32 We propose that two relatively minor modifications of the DHS would allow nearly Africa-wide estimation of HIV-free child survival, and thus effectiveness of current PMTCT programmes. First, more detailed questions regarding maternal HIV history, PMTCT programme enrolment and interventions received, infant feeding practices and household child mortality are needed. Second, in sampled households, we advocate the addition of a "heel stick" for dried blood spot collection among all children less than two years of age. This specimen can be used to approximate the child's HIV exposure and HIV infection status. To determine the proportion of children with HIV exposure, the sample is tested for HIV antibodies. For children less than 18 months and/or who are still breastfeeding, the presence of HIV antibodies indicates HIV exposure, but not necessarily infection; for children more than 18 months, their presence indicates HIV infection. Specimens of those children who are 18 months or less or still breastfeeding with positive HIV antibody tests then undergo HIV DNA PCR testing to determine infection status. One limitation of this methodology is that maternal antibodies are gradually disappearing until 18 months, and an HIV-exposed child could potentially be misclassified as non-exposed. However, if the mother were present for the survey this would not be an issue.
Through these relatively minor additions to the DHS, we believe that a reasonable and reliable measure of twoyear HIV-free survival can be calculated as a simple proportion. The denominator consists of the number of children born within the past two years, estimated through the survey component of DHS. The numerator is based on the same figure, minus the number of children found to be HIV-infected [determined via HIV antibody and deoxyribonucleic acid (DNA) PCR testing] and the number of children reported to have died (derived via survey methodology). In an ideal setting, this statistic would approximate 1.0 (or 100%). In reality, however, there are many competing HIV-related and non-related factors that make perfect survival impossible on a population basis.
Although we believe HIV-free survival to be the gold standard for assessing PMTCT effectiveness, additional modifications to the DHS could provide other important population-level indicators of programme success. The addition of a "verbal autopsy" interview for recent child deaths, for example, could help approximate HIV-attributable infant mortality. In numerous African settings, verbal autopsy has been used to evaluate infant death with reliability when regular autopsy is unavailable. 33, 34 In households with a recent delivery, the collection of anonymous maternal venous specimens could lead to the estimates of HIV prevalence (proportion with HIV antibodies), maternal disease burden (distribution of CD4 cell counts or HIV viral load), antiretroviral therapy coverage (proportion with detectable drug concentrations among women with CD4 cell counts below 200 cells/µL) or postpartum HIV seroconversion (proportion with incident HIV infections detected through detuned assays).
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Conclusion
Given the significant health investments that have been made to eradicate paediatric HIV worldwide, the development of a consensus model to evaluate PMTCT effectiveness is long overdue and urgently needed. Unlike many currently used metrics, the outcome of HIV-free survival considers the direct and indirect benefits of PMTCT-bolstered health-care services for both antenatal women and their newborn children. The modification of the DHS described here could provide a reliable and easily replicable method. This approach would also have the added advantage of including women in the community who fail to access institutional obstetric care and are thus typically excluded from most PMTCT effectiveness assessments.
In mid-2007, we launched the PEARL (PMTCT Effectiveness in Africa: Research and Linkages to Care and Treatment) study, a consortium project funded by the US Centers for Disease Control and Prevention and the Elizabeth Glaser Paediatric AIDS Foundation. This study will seek to determine the impact of PMTCT services in Cameroon, Côte d'Ivoire, South Africa and Zambia. PEARL will be the first to utilize this novel communitybased methodology to evaluate the effectiveness of PMTCT services in a variety of settings. By performing a standardized evaluation across 24 communities, we hope to better understand how PMTCT services relate to long-term infant survival and hope to contribute to the continued evaluation and improvement of PMTCT services worldwide. ■ 
Résumé
Suivi de l'efficacité des programmes visant à prévenir la transmission du VIH de la mère à l'enfant dans les pays à faible revenu Des objectifs ambitieux en matière de lutte contre le VIH/sida en milieu pédiatrique ont été fixés par divers organismes internationaux, et notamment la réduction de moitié du nombre de nouveaux cas d'infection pédiatrique d'ici 2010. Même si ces objectifs sont tout à fait pertinents dans leur contexte, le manque de clarté et de consensus quant aux personnes devant surveiller l'efficacité des programmes de prévention de la transmission mère-enfant du VIH (PMTCT) s'oppose à l'obtention d'une réponse coordonnée de la part des décideurs. Cet article présente les arguments en faveur de l'utilisation du taux de survie des enfants sans contamination par le VIH dans la population comme instrument de mesure clé de l'efficacité des programmes de PMTCT et examine divers types d'étude et plusieurs populations sources. Il propose en conclusion une approche novatrice, reposant sur des enquêtes en communauté, qui pourrait être mise en oeuvre à grande échelle dans le monde en développement, moyennant l'apport de modifications mineures aux enquêtes démographiques et sanitaires en cours.
Resumen
Vigilancia de la eficacia de los programas de prevención de la transmisión del VIH de la madre al niño en los países de ingresos bajos Diversos órganos internacionales han fijado metas ambiciosas para la lucha contra el SIDA pediátrico, en particular una reducción del 50% de las nuevas infecciones pediátricas para 2010. Aunque se trata de metas indudablemente acertadas en cuanto a su alcance, la falta de claridad y consenso respecto a la manera de vigilar la eficacia de los programas de prevención de la transmisión del VIH de la madre al niño (PTMN) es un obstáculo para que las instancias normativas articulen una respuesta coordinada. Se aportan aquí argumentos para utilizar la supervivencia infantil sin infección por VIH en la población como criterio de referencia para medir la eficacia de los programas de PTMN, y se examinan luego varios diseños de estudio y poblaciones de diverso origen. Por último, proponemos un nuevo enfoque basado en encuestas comunitarias que podría implementarse ampliamente en todo el mundo en desarrollo introduciendo pequeños cambios en las actuales Encuestas de Demografía y Salud. 
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